Developing all-group IV semiconductor light emitters is an attractive approach towards the monolithic integration of photonics and electronics on the same platform. 1, 2 This longsought-for silicon photonics has recently gained revived interest motivated by pressing needs for ultrafast data transfer and low-power electronics. With this perspective, direct bandgap GeSn semiconductors have been attracting great interest for a Si-compatible processing. [3] [4] [5] Indeed, tremendous efforts have recently been expended to develop this family of group IV semiconductors, investigate their basic properties, and test their performance in a variety of optoelectronic and photonic devices. 4, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] The major challenge has been the control of the growth of high-quality, Sn-rich GeSn layers. In fact, achieving a direct bandgap binary alloy requires a Sn content exceeding 10 at. %, which is more than 10Â the solubility of Sn in Ge. 5, 18 Thus, developing these metastable semiconductors calls for a meticulous control of the growth kinetics to enhance the incorporation of Sn and prevent its segregation during growth.
The recently proposed multilayer growth has emerged as a promising approach to achieve a better control over strain and defects throughout GeSn epitaxy. [19] [20] [21] However, the observed Sn compositional gradient, resulting from the progressive strain relaxation during growth, may be undesired for the growth of heterostructures with abrupt interfaces and uniform content in each layer. Herein, we demonstrate that this limitation can be overcome by optimizing the growth process leading to GeSn layers with uniform Sn content reaching 18 at. %. By controlling the thickness and composition of two successive GeSn buffer layers with lower Sn contents, strain is progressively reduced, and a uniform incorporation of Sn is observed in the top, defect-free GeSn layer. Atom probe tomography (APT) investigations provide evidence of abrupt interfaces between GeSn layers and confirm the absence of short-range ordering and segregation of Sn. Moreover, despite the residual compressive strain in the upmost GeSn active layer, room-temperature photoluminescence (PL) emission in the 3.0-3.5 lm wavelength range is observed with typical features of band-to-band recombination.
The investigated samples were grown on 4-inch Si (100) wafers in a low-pressure CVD reactor using ultra-pure H 2 carrier gas and 10 % monogermane (GeH 4 ) and tintetrachloride (SnCl 4 ) precursors, as described in the supplementary material. A GeSn multi-layered heterostructure was grown on an $650 nm-thick Ge/Si virtual substrate (VS), as illustrated in Fig. 1 (inset) . The growth conditions were kept the same for the whole GeSn stacking, except temperature that was varied to control the incorporation of Sn. Growth Authors to whom correspondence should be addressed: simone.assali@ polymtl.ca and oussama.moutanabbir@polymtl.ca temperatures of 320 C, 300 C, and 280 C are used for the bottom layer (BL), middle layer (ML), and top layer (TL), respectively. A growth time of 24 min and 72 min was used for BL and ML, respectively. The TL thickness was controlled by changing the growth time from 24 to 120 min, leading to a TL thickness in the 40-160 nm range as estimated using energy-dispersive X-ray spectroscopy (EDS) in a transmission electron microscope (TEM).
The crystalline quality is assessed using X-ray diffraction spectroscopy (XRD). The 2h-x scans around the (004) XRD order for the three samples grown with different TL thicknesses are presented in Fig. 1(a) . The Ge-VS peak is detected at 66.06
, while the signal at smaller angles relates to the GeSn multi-layer stack. The TL peak is observed at 63. 3 -63.5 , and it increases in intensity with the increasing TL thickness. No interference fringes are observed, indicating that the GeSn layers are partially relaxed. The ML peak at 64. 3 -64.4 partially overlaps with the BL peak at $65.0
, and their intensities are constant for all samples. The reported peak at $65.8 associated with severe Sn segregation and precipitation 19, 22, 23 is not observed (see Fig.  S1 , supplementary material), in agreement with the APT measurements discussed below.
To decouple the effects of Sn incorporation and residual strain in the grown layers, Reciprocal Space Mapping (RSM) around the asymmetrical (224) XRD peak is performed, as shown for the 160 nm-thick GeSn TL in Fig. 1(b) . The estimated Sn content, the residual strain e, and the degree of strain relaxation R for all layers are listed in Table S1 , supplementary material. In the 40 6 5 nm-thick TL, an Sn content of 16.2 6 0.2 at. % and a residual strain of À1.3 6 0.1% (R $ 46%) are estimated. When the TL thickness increases to 65 6 5 nm, a strain value of À1.2 6 0.1% (R $ 49%) is measured at a Sn content of 16.1 6 0.2 at. %. Interestingly, with a further increase in the thickness up to 160 6 5 nm, the strain remains of À1.3 6 0.1% (R $ 47%) due to the increase in the Sn content reaching 17.0 6 0.1 at. %, in agreement with the small shift to lower angles observed in Fig. 1(a) . To investigate the crystalline quality and microstructure of the as-grown samples, cross-sectional TEM analyses are performed. The TEM image in Fig. 2(a) shows the GeSn TL/ ML/BL stack grown on an $650 nm-thick Ge-VS. No threading dislocations propagating toward the GeSn TL are observed, while misfit and edge dislocations are confined at the Ge-GeSn interface and within the first 100 nm of the GeSn stacking. 20, 21, 24 High-resolution TEM (HRTEM) image of the defect-free TL is shown in Fig. 2(b) with no additional spots in the fast-Fourier transform (FFT) image [ Fig. 2(c) ]. Note that an accurate evaluation threading dislocation density (TDD) lower than 1 Â 10 7 cm À2 can hardly be achieved using cross-sectional TEM, 25 which can therefore be considered as an upper limit at the current stage.
To accurately evaluate the Sn content across GeSn layers, APT measurements were performed. Figure 3 exhibits the Sn profile for the 160 nm-thick TL sample, where a uniform Sn incorporation of 17.9 6 0.2 at. % is observed in 19, 21 indicating that the introduction of ML-BL layers enhances the strain relaxation, thus facilitating the Sn incorporation in TL. Additionally, a steep change in composition is visible at the TL/ML interface, with a decrease in the Sn content to 13.7 6 0.2 at. % Sn. We define the width of TL/ML interface w TL/ML as the thickness that leads to a 90%-10% change in the APT profile intensity, as shown by the dashed lines in Fig. 3 . A w TL/ML ¼ 1.6 6 0.3 nm is measured when moving across the 17.9 at. %/13.7 at. % Sn interface indicative of a sharp transition between GeSn layers. When moving away from this interface, a progressive reduction in the Sn content is visible through ML, with a slope of $14 at. %/lm, reaching 11.5% Sn in the proximity of the interface with BL. The next transition between the 11.0 at. % ML and the 8.5 at. % BL shows a w ML/BL ¼ 2.4 6 0.3 nm, while a w BL/Ge-VS of 3.6 6 0.3 nm is measured for the last interface GeSn 8.5 at. % BL/Ge-VS. A temperaturedependent growth rate of 1.5 6 0.1 nm/min, 2.4 6 0.2 nm/ min, and 2.8 6 0.2 nm/min is estimated for TL, ML, and BL layers, respectively, hence about one order of magnitude lower than those reported in recent studies. 5, 12, 19, 26 Detailed insights into the short-range atomic distribution on the scale of a few lattice constants are obtained by performing a series of statistical analyses 27, 28 within pre-defined 10 Â 10 Â 10 nm 3 regions in APT maps recorded for GeSn TL [ Fig. 4(a) ]. First, the frequency distribution analysis (FDA) in Fig. 4(b) shows that Ge and Sn atoms closely follow the binomial distribution, with a coefficient of determination R 2 for Ge and Sn of 0.9991 and 0.9971, respectively. This indicates that Ge and Sn are randomly distributed in the lattice. 29 Despite the Sn content being more than 18Â higher than the equilibrium content, 30 not even a slight departure from an ideal solid solution is observed. To investigate further the nature of the Sn-rich GeSn lattice, partial radial distribution function (p-RDF) analysis was carried out to evaluate possible correlations between different atomic species in the alloy. Figure 4(c) shows the p-RDF of Sn with respect to (wrt) Sn within a sphere of maximum radius of 5 nm taken inside TL. The mean unity value for the p-RDF of Sn indicates that Sn atoms are completely uncorrelated wrt a given Sn atom. This behavior is characteristic of perfectly random alloys, which is in agreement with FDA [ Fig.  4(b) ]. These observations are also confirmed by a third set of statistical investigations evaluating the nearest-neighbor (NN) distributions in Fig. 4(d) . Herein, the distance between a Sn atom and its closest neighboring Sn atoms is calculated (1st order), and then, the algorithm is extended to evaluate the correlation with the kth order neighbors (red curves). The results are then compared with the expected distribution for an ideal solid solution, where atoms are randomly distributed with a bulk normalized concentration (dashed black lines). 31 This agreement between experimental and theoretical APT simulations is a compelling evidence of the absence of shortrange ordering effects in the grown Sn-rich alloys. 27 Finally, Fig. 4 (e) displays the 7 at. % Sn iso-concentration surfaces (yellow) in a horizontal slice of the 3D APT reconstruction in Fig. 4(a) . In the presence of aggregates (precipitates or clusters), this would give rise to closed surfaces bounding the aggregates. 32 On the contrary, only statistical fluctuations are observed [ Fig. 4(e) ], thus confirming the absence of any Sn aggregates.
To evaluate the relevance of the as-grown layers for photonic applications, the optical emission was investigated with room-temperature photoluminescence (PL) measurements using 976 nm and 405 nm excitation lasers (Figs. S2  and S3, supplementary material) . 8 In the PL spectra in Fig.  5(a) for the 16.4 6 0.4 at. % Sn (estimated with APT) samples with a 40-65 nm-thick TL, a sharp main emission peak at $0.39 eV and an additional shoulder peak at 0.43-0.44 eV are observed [solid curves in Fig. 4(a) ]. A further increase in the Sn content to 17.9 6 0.2 at. % and thickness to 160 nm induces a redshift of both peaks reaching 0.36 eV and 0.41 eV. A $50 meV energy difference between the two emission peaks is observed in all samples. In addition, a full width at half maximum of only 30-50 meV is measured for the main emission at 0.36-0.39 eV. By reducing the penetration depth of the excitation from $266 nm (976 nm laser) to $14 nm using the 405 nm laser (Fig. S3, supplementary  material) , no significant changes in PL spectra are observed [dashed curves in Fig. 5(a) ]. An increase in the integrated PL intensity with the increasing TL thickness is estimated [ Fig.  5(b) ], which is independent of the excitation wavelength (Fig. S4, supplementary material) . Thus, the independence of PL spectra on the penetration depth of the excitation demonstrates that the optical emission originates from TL rather than from the underlying lower Sn content layers, with a negligible effect of nonradiative surface recombination. Temperature-dependent PL measurements down to 4 K (not shown) provide further clear evidence that the optical emission originates from the TL. The residual compressive strain 
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Assali et al. Appl. Phys. Lett. 112, 251903 (2018) (À1.3 %) in the GeSn TL is predicted to reduce both the bandgap and the energy barrier between the C-and Lminimum DE LC , with a reduction of the directness of the bandgap. 18, 33 However, a direct bandgap below 0.45 eV with DE LC larger than 120 meV is predicted for 18 at. % GeSn pseudomorphically grown on a relaxed 13 at. % GeSn layer. 33 This supports the observation of room-temperature PL emission in our work at energies lower than 0.40 eV, resulting from the confinement of the optically generated carriers in TL, without the need for thick relaxed layers 12, 21, 26 or tensile-strain engineering 9 processes. To gain a deeper understanding of the nature of the emission, power-dependent PL measurements are performed. The integrated PL intensity (I PL ) shows a linear dependence on the excitation power density (P EXC ) for all samples [ Fig. 5(c) ]. The slope m$1.0-1.1 obtained by fitting the optical data using the power law I PL / P m EXC together with the independence of the peak energy on the excitation power density is indicative of the band to band recombination, therefore excluding impurity-related recombination channels [34] [35] [36] and band-filling effects. 37 In summary, we demonstrated the growth of atomically uniform, defect-free GeSn layers with Sn contents reaching a uniform composition of $18 at. %. Atomistic-level mapping provided clear evidence that the growth yields abrupt interfaces, with an interfacial width of 1.5-2.5 nm, across the GeSn multi-layer stacking. Moreover, APT maps confirmed the absence of Sn precipitates and short-range atomic ordering in as-grown, Sn-rich layers. Room-temperature optical emission is achieved at 0.36-0.39 eV despite the residual compressive strain of À1.3 %. This 3.0-3.5 lm emission band is obtained with an $1.1 lm-thick GeSn/Ge-VS multi-layer stacking that is approaching the thickness requirement for monolithically integrated mid-IR photonics. [38] [39] [40] Furthermore, the sharp interfaces across GeSn layers pave the way for a better control of the growth of GeSn-based multi-quantum wells and heterostructures for emission sources and detectors with a broad spectral tunability. [41] [42] [43] [44] [45] See supplementary material for additional information on the growth conditions, XRD-RSM characterization, and PL setup and measurements. The authors declare no competing financial interest.
